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Plate 2.  1948 Yellowstone River from Pine Creek to Carter's Bridge.
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SUMMARY 
 
 
Fixed-bed hydraulic model (e.g. HEC-RAS) studies of flood plain inundation are typically used to 
assess risk of flooding; such studies provide the basis for FEMA's Flood Insurance Rate Maps 
(FIRM's) that are used to manage flood risk for an extended period of time.  These "fixed-bed 
maps" may lead to planning decisions that ignore dynamic aspects of alluvial river channels and 
their tendency to migrate laterally through bank erosion and avulsion--geomorphic processes 
that can alter the lateral extent of areas prone to flood risk, as well as directly damage or 
threaten civil structures over the long-term. A Channel Migration Zone (CMZ), or area where the 
river flood plain is susceptible to erosion and lateral migration for a designated length of time--in 
this case 100 years, was defined for two segments of the Upper Yellowstone River using 
historic channel migration data and geomorphic analysis of lateral channel changes from 1948 
to 1999. Although delineated CMZ are not mandatory, state and federal flood plain regulatory 
agencies allow their use as management tools if adopted by local counties. 

Using methods similar to those developed by the state of Washington, a composite 100-Year 
CMZ was mapped in a GIS and consists of the following zones:  historic migration, avulsion 
hazard, and an erosion hazard area (projected future lateral erosion and mass wasting over 
100-year period)--all adjusted for the disconnected migration area where manmade structures 
(e.g. riprap, levees, barbs, roads) physically moderate or eliminate channel migration.  The 
resulting CMZ boundary was compared with three other boundaries: 1) the geologic floodplain 
(lateral extent of recent and Holocene/Pleistocene fluvio-glacial alluvium) which represents the 
maximum possible extent of erodible material in the valley; 2) recent alluvium that has been 
reworked over the past ~1,500 years; and 3) boundaries of the 100 to 500-year floodplain 
(based on HEC-RAS) -- map features that are nearly equivalent, due to the valley/ floodplain 
configuration and the relatively flat slope of the flood frequency curve. Surprisingly in many 
areas the 100-Year CMZ was roughly equivalent to the hydraulic 100 or 500-year floodplain.  

Agreement between the CMZ and hydraulic floodplain is due to the valley/floodplain architecture 
in different geomorphic channel types. Plane bed and pool riffle channels are single thread and
laterally confined by large Holocene/Pleistocene terraces; anabranching channels have one or
more main channels and a complex of side-channels that dissect the entire valley floor and 
widely distribute floodwater. The CMZ occupies about 54% of the geologic floodplain, and 92% 
of the recent (~1500 year) floodplain; approximately 47% of the CMZ consists of disconnected 
areas caused by bank protection and other flood plain development. The CMZ was also
compared with the geomorphic channel classification (Montgomery-Buffington) and found to 
increase in width in direct proportion to declining channel stability (e.g. plane-bed, pool-riffle, 
and anabranching). Delineation of a CMZ provides supplemental information allowing flood plain 
managers to more completely assess susceptibility of flood plain developments to erosion and
flood risks; it also provides information for evaluating long-term effects of channel and floodplain 
modification on geomorphic processes and channel stability. 

                                   OBJECTIVES, STUDY AREAS and METHODS 
 
The objectives of this project were to: 
 

1. Delineate a CMZ for selected segments of the Upper Yellowstone River, that span a 
range of geomorphic channel types, using mapped historic channel changes from 1948 
to 1999, and other geomorphic analysis; 
 
2.   Compare the CMZ with the 100-year floodplain delineated using HEC-RAS; 
 
3.  Examine the areal extent of the CMZ relative to the geologic extent of Holocene and 
Pleistocene alluvium and relative to geomorphic channel type; 
 
4. Estimate the degree to which historic channel modification (e.g. riprap, levees) has 
limited the ability of the channel to migrate laterally. 

      
 
 
                         Upper Yellowstone Flood History and Channel Response 
 
Large floods (~100 yr or greater R.I. events) have occurred in 1894, 1918, 1974, 1996, and 
1997 the upper Yellowstone basin (Figure 2.).  The geomorphic effectiveness of large floods is 
influenced by effects of complex valley morphology and boundary conditions on flood 
confinement and energy expenditure in the channel network. Baker and Costa (1987) 
incorporated magnitude-frequency concepts, thresholds, and geomorphic effectiveness into the 
concept of critical flood power.  They concluded that fluvial systems can be destabilized when 
input forces exceed resistance forces.  Input forces or flood power, are determined by flood 
magnitude and duration, channel and valley morphology, and stream gradient (Baker and Costa 
1987; Miller 1995). Resistance forces are controlled by geology, sediment and soil type, and 
vegetation cover (Baker and Costa 1987; 1995; Magilligan et al. 1998). In general, other factors 
being equal, large floods may be more likely to cause lasting channel changes in narrow steep 
valleys, than in broad, low-gradient valleys (Miller 1995). 

The upper Yellowstone River deviates from the above general model of channel response to 
large floods, in several ways. Channel changes in the 1974 and 1996-1997 floods occurred 
primarily through lateral erosion in pool-riffle channel segments and through avulsion and lateral 
erosion in anabranching channel segments. It appears that a channel response model for these 
channel segments includes relatively rapid lateral changes through avulsion in large events (e.g. 
50 to 100 year floods) which establish the dominant lateral channel configuration.  Between 
these events, more frequent flows with return periods close to the conventional "bankfull" 
discharge (e.g. 2 to 5- year floods), shape and maintain the average characteristics of the 
individual anabranches. 

A potential limitation of historical studies of channel change, as a basis for CMZ delineation, is 
the representativeness of the historic record, and the degree to which the channel has been 
subjected to significant erosive flows.  Figure 3, shows estimates of the cumulative annual sum 
of geomorphically effective unit stream power for the Yellowstone River near Livingston (just 
downstream from Carter's Bridge).  For the following time intervals the cumulative total stream 
power was as follows :1948 to 1973 = ~1300 watts/m2; 1973 to 1976 =~360 watts/m2; and 1976 
to 1999 = ~1300 watts/m2. . Together the 1996 and 1997 floods expended about 700 watts/m2 or 
roughly half of the period total and 24% of the 1948 to 1999 total.  Based on the flood history 
and energy expenditure in the channel network, the historic record of channel changes 
occurring from 1948 to 1999 is adequate as a basis for CMZ delineation.   

                                                           STUDY AREAS 
 
Two study areas were selected that span a range of very stable to highly unstable channel types 
in the Paradise valley south of Livingston, Montana. The Yellowstone River, in the Mill Creek 
area, has a very stable bed and banks and represents a typical confined, plane-bed, channel 
type (Plate 1.).  The Pine Creek to Carter's Bridge segment (Plates 2 and 3) contains 
moderately stable, pool-riffle, and unstable, anabranching (e.g. multi-thread) and anabranching-
braided channels; many reaches in this segment have been forced, through use of bank 
stabilization measures, from multi-thread to single-thread (e.g. pool riffle) channels (Dalby and 
Robinson, 2003).
     METHODS 
 
Piégay and others (2005) reviewed geomorphic methods for delineation of erodible river 
corridors in alluvial rivers.  Challenges include mapping the historical extent of lateral erosion, 
estimating erosion sensitivity within the erodible corridor, modeling or projecting future channel 
changes, and evaluating effects of channel stabilization measures on lateral migration.  Rapp 
and Abbe (2003) developed a formal procedure, for the state of Washington, which is applicable 
to gravel-bed rivers similar to the Upper Yellowstone River, and that method was used here. 
They define the CMZ as: 
 
   CMZ= HMZ +AHZ + EHA - DMA 
   where, 
 
  HMZ= Historical Migration Zone or collective area the channel has occupied in the historical  
   record, 
  AHZ= Avulsion Hazard Zone or area not included in the HMZ that is at risk of avulsion over the 
  timeline of the CMZ, 
   EHA= Erosion Hazard Area or area not included in the HMZ or AHZ that is at risk of bank  
              erosion from stream flow or mass wasting over the timeline of the CMZ: 
 
  EHA= ES + GS 
                            and ES= Erosion Setback or area at risk from future bank erosion; 
                                   GS= Geotechnical Setback or area at risk from future mass wasting. 
 

Delineation of CMZ Components 
 
Historical Migration Zone (HMZ) 
The HMZ was defined by mapping the bankfull channel trace of study segments in 1948, 1973,
1976, and 1999  in a Geographic Information  System (GIS). The bankfull channel was defined
using several criteria (Dalby and Robinson, 2003) and was mapped in the field on 1999 photos 
and through stereoscopic viewing of historic photos.  Areas of erosion and deposition and total
change, which occurred between comparison years (1948-1973, 1973-1976 and 1976-1999), 
were determined by performing a spatial union in the GIS. This created “change” polygons that
were then classified into areas of erosion, deposition, no change, or as a spurious record
(Gaeuman and others 2003). Propagated horizontal errors (i.e. DTM of Gaueman and others, 
2005) across comparison years ranged from about 10 to 40 feet. The cumulative HMZ mapped
represents the total extent of lateral channel migration over the 1948 to 1999 period. 
 
Avulsion Hazard Zone (AHZ) 
The AHZ includes side-channels, relic channels, and swales that are at risk of main channel 
occupation outside the HMZ , and was mapped using several criteria: 1) proximity of main
channel to side channels that provide an avulsion pathway, 2) elevation difference between
main channel and flood plain containing side-channels, as determined from a high resolution 
channel profile and a flood plain spot elevation file (each with a vertical RMSE of ~0.7 ft)., and,
3) anticipated future changes in channel alignment due to bank erosion or channel forcing. 
Because of the very coarse bed-material in both study areas (e.g. boulder, cobble, gravel) 
opportunities for channel incision are limited; however there may be increased potential for
avulsion, due to aggradation during large floods (especially below confined reaches where 
sudden expansion occurs) and local increases in water-surface elevation due to woody-debris 
loading and log jams (Brummer and others, 2006); these factors were qualitatively assessed.
Due to side-channel density and their proximity to the main channel, much of the Pine Creek to 
Carter's bridge study area is avulsion prone--unless confined by revetment.

Erosion Hazard Area (EHA) 
The EHA consists of an Erosion Setback (ES), based on extent of future estimated lateral bank 
erosion over the design life of the CMZ (in this case, 100-years), and a Geotechnical Setback, 
based on the estimated extent of future mass wasting.  ES was estimated using a two step 
process: 1) calculate the mean historic 50-year (1948 to 1999)  lateral erosion rate for eroding 
banks ( e.g. cumulative erosion polygon area/bank length), and 2) doubling the mean value to 
obtain an estimate for the design period of 100 years. GS was estimated by assuming a stable 
angle of repose for glacio-fluvial materials comprising banks of 35 degrees and applying the 
following relationship: 
 
[tan (90-Sh)]H = GS,    where Sh= estimated stable angle of repose of bank material, and  
    H=mean  bank height. 
 
For modest bank heights (<20 feet) in gravel materials lacking significant fines, the above 
equation provides a reasonable estimate of GS.  For large, complex banks, such as the 
Weeping Wall (Plate 3. Inset Photo) which is 100 feet high, and contains interbedded, fine 
material with preferential flow paths, as well as cemented gravels, a formal geotechnical slope-
stability analysis should be performed, but was beyond the scope of this study. Estimates of ES 
and GS were summed to provide the composite estimate of EHA for each eroding bank area.   
 
Disconnected Migration Area (DMA) 
The DMA accounts for human intervention (e.g. riprap, jetties, dikes, levees) that inhibits lateral 
channel migration and was mapped by first determining the composite CMZ and then overlaying 
the 1999 level of channel modification (Dalby and Robinson 2003).  Stereoscopic examination of 
large-scale 1999 aerial photos ( leaf off, low water photos at 1:6000 or 1:8000 scale) , in 
conjunction with past fieldwork, was used to assess the type of revetment, effect on channel 
alignment, and degree of constraint on lateral channel migration. Polygons were then mapped 
that represent the portion of the CMZ removed from lateral migration.  With some features, there 
is a relatively linear relationship between the area removed and length of revetment; however, 
strategically placed hardpoints (e.g. jetties), may influence channel alignment and eliminate 
disproportionately large areas of flood plain from susceptibility to lateral migration. 

Channel and Valley Flat Boundaries
 
Both study areas were divided into longitudinal cells that generally correspond to one meander 
wavelength, and these were used as the basis for tabulating CMZ and DMA areas.  In addition, 
two lateral boundaries were mapped for the Pine Creek to Carter's Bridge segment: 1) 
Holocene/Pleistocene Alluvium (undifferentiated) that represents the maximum lateral extent of 
erodible materials the channel may encounter over at least the next 100 years, and 2) Recent 
Alluvium that represents fluvial sediments deposited and re-worked by the Yellowstone River 
over the past ~ 1500 years. Merigliano and Polzin (2003) estimated flood plain turnover rates of 
550 1700 years for "braided" reaches of the study area base on flood plain dendrochronology.  

      RESULTS 
 

Historic Channel Changes and Channel Migration Zones 
 
 Mill Creek Study Area 
 
The Mill Creek Study Area represents an unusual segment of the upper Yellowstone River. The 
channel has a sinuous planform, but physical characteristics of a plane-bed channel (Plate 1, 
and inset photo). Located near a slight bulge in the long profile of the river, this segment is also 
laterally confined by coarse glacial outwash and terraces. Channel slope is uniform and 
hydraulic contrast between pools and riffles is very small.  The area lacks side-channels, gravel-
bars and islands. These geomorphic characteristics are due to the coarse, cobble boulder (D50
>100mm) material that comprise the bed and banks of the channel and relative lack of local 
sediment sources.  Stereo- photo interpretation and the channel change analysis presented 
here, indicates that almost no lateral change has occurred over the past 50 years—
consequently the CMZ is very narrow to non-existent (Plate1.). 

Plate 1.  100-Year
Channel Migration Zone:
Mill Creek Area

Pine Creek to Carter’s Bridge Study Area 
 
The Pine Creek to Carters Bridge segment was largely unaffected by channel revetments in 
1948 (Plate 2), but has been progressively constrained by dikes, levees and bank revetment 
over the past 50-years (Plates 3 and 4).  In response to lateral erosion and flooding, caused by 
near 100-year floods in 1974, 1996 and 1997, extensive segments of the upper Yellowstone 
River have been modified using dikes, levees, riprap, and jetties (Dalby and Robinson, 2003). 
Linear channel and flood plain modifications (e.g. dikes, levees, road prisms) have increased 
720% (from 4,220 to 30,568 feet) between 1954 and 1999, while riprap increased 550% (from 
3,688 to 20,141 feet) and point structures (i.e. jetties and barbs) increased 1300% (from 9 to 
93). Confinement of river channels by roads, bridges, levees, barbs, and riprap often leads to 
reduced lateral migration rates, incision of channels, coarsening of the bed, and loss of 
hydraulic connectivity with side-channels (Kondolf and Piegay 2003). 
 
In 1948 the dominant channel type was primarily pool-riffle and anabranching, but these have 
been laterally constrained and forced into pool-riffle and plane-bed channels. Although the 
amount of channel modification (especially bank revetment) has significantly increased over the 
50-year analysis period, channel changes in both the 1974 and 1996-97 floods were relatively 
large.  In the least constrained segments, the amount of change caused by the 1996-97 floods 
was much greater than that due to the 1974 flood. However, in the most constrained segments 
the amount of lateral change was nearly equivalent for both events. Attempts to laterally 
constrain the channel have not always been successful, and two significant avulsions occurred 
in this segment during the 1996-97 floods. 
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(RESULTS continued) 
 
 

Comparison of CMZ with Extent of Holocene/Pleistocene Alluvium and 
Disconnected Migration Areas  

 
The CMZ in the Pine Creek to Carters Bridge segment (Plate 4) occupies about 54% of the 
mapped boundary of Holocene/Pleistocene alluvium occurring on the Paradise valley flat, and 
89% of the recent floodplain(i.e. alluvium that has been deposited and reworked over the past 
~1500 years. 
 
Significant portions of the Pine Creek to Carters Bridge segment have been disconnected from 
lateral migration (Plate 4.), and approximately 43% of the CMZ consists of disconnected 
migration areas (DMA) caused by bank protection and other flood plain development.  Although 
flood water may still indirectly access portions of the disconnected CMZ, processes of lateral 
migration are limited.  Power and others (1995) have demonstrated that ecological attributes
(nutrient cycling, carbon storage, wildlife habitat, etc.) of flood plains scale directly with the 
active width and reduction in lateral process of erosion and deposition can be expected to 
eventually result in declines in these attributes. 
 
 
 
 
 
 

Comparison of CMZ and HEC-RAS Floodplain
 
The 100-year and 500-year flood plain (Figure 1.) was delineated by the U.S. Geological Survey 
using HEC-RAS (Parrett and others 2003); map boundaries of the 100 to 500-year floodplain 
are nearly equivalent, due to the valley/floodplain configuration and the relatively flat slope of the 
flood frequency curve. These boundaries were superimposed on the CMZ (Figure 1); 
surprisingly in many areas the 100-Year CMZ was roughly equivalent to the hydraulic 100 to 
500-year floodplain. Agreement between the CMZ and hydraulic floodplain is due to the 
valley/floodplain architecture in different geomorphic channel types. Plane bed and pool riffle 
channels are single thread and laterally confined by large Holocene/Pleistocene terraces, so 
that lateral migration, as well as the ability for flood water so spread laterally, is minimized; 
anabranching channels have one or more main channels and a complex of side-channels that 
dissect the entire valley floor and widely distribute floodwater.  

Comparison of Lateral Channel Changes 1948 to 1999 
 
The amount (area) of lateral channel change (erosion plus deposition) was compiled by 
subdivided study segments (cells) for each of the study areas and measurement time periods 
(1948-1973, 1973-1976, and 1976-1999).  Measured changes were divided by river length of 
the cell to express them on a unit basis (Figure 4.). The Mill Creek study area experienced 
almost no lateral channel change from 1948 to 1999. Three factors affect the amount of channel 
change in the Pine Creek to Carter's Bridge segment: 1) the amount of geomorphically 
significant unit stream power expended during the comparison period (Figure 4.), 2) the level of 
channel confinement due to bank stabilization measures, and 3) the effectiveness of the 
channel constraints. Similar amounts of unit stream power were expended over the 1948 to 
1973 and 1976 to 1999 periods (~1300 watts/m2) ; unit stream power expended during the 1973 
to 1976 period , which contains a single 100-year flood, was much less (~360 watts/m2) and this 
period shows the least amount of channel change. The 1948 to 1973 period shows an 
intermediate level of change, and the 1976 to 1999 displays the greatest channel change. The 
amount of channel revetments has increased progressively since 1948, and much was installed 
subsequent to the 1996 and 1997 floods; as a result, channel changes assessed for the 1976 to 
1999 period do not reflect the effects of this channel constraint on lateral migration. In addition, 
the 1996 and 1997 floods occurred "back to back", and this event sequencing has been shown 
to increase the geomorphic effectiveness of floods.  After the 1996 flood there was little time for 
the channel to recover (e.g. revegetation, sediment consolidation), and the 1997 flood caused 
more erosion that would have if it had occurred after some period of channel recovery.  
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Figure 1. Comparison of  CMZ and HEC-RAS Flood Plain
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FIGURE  4.
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